Both rs17782313 (near MC4R) and rs1421085 (FTO) polymorphisms have been consistently associated with increased risk of obesity and with body mass index (BMI) variation. An effect of both polymorphisms on satiety has recently been suggested. We genotyped rs17782313 and rs1421085 in 5764 relatives from 1109 French pedigrees with familial obesity, 1274 Swiss class III obese adults as well as in 4877 French adults and 5612 Finnish teenagers from two randomly selected population cohorts. In all subjects, eating behaviour traits were documented through questionnaires. We first assessed the association of both single nucleotide polymorphisms with BMI and then studied eating behaviour. Under an additive model, the rs17782313-C MC4R allele showed a trend towards higher percentages of snacking in both French obese children (P ¼ 0.01) and Swiss obese adults (P ¼ 0.04) as well as in adolescents from the Finnish general population (P ¼ 0.04). In French adults with familial obesity, this allele tended to be also associated with a higher Stunkard hunger score (P ¼ 0.02) and in obese children with a higher prevalence of eating large amounts of food (P ¼ 0.04). However, no consistent association of the FTO rs1421085-C allele and available eating behaviour trait was found in our studied populations. The rs17782313-C allele nearby MC4R may modulate eating behaviour-related phenotypes in European obese and randomly selected populations, in both children and adults, supporting a regulatory role of this genetic variant on eating behaviour, as previously shown for MC4R non-synonymous loss-offunction mutations. The potential effect of the obesity-associated FTO gene on eating behaviour deserves additional investigation.
Introduction
Several single nucleotide polymorphisms (SNPs) in the fat mass and obesity (FTO) gene have been reproducibly associated with higher risk of obesity. [1] [2] [3] [4] Although the function of FTO 5, 6 remains poorly understood, its putative contribution to food intake regulation has been suggested. [7] [8] [9] Recently, genome-wide association studies identified SNPs located 150-188 kb downstream the melanocortin 4 receptor (MC4R) gene, modulating body mass index (BMI) in populations of European ancestry, 10 waist circumference in an Asian population 10, 11 and increasing risk for severe obesity. 10 This intergenic locus may participate in the regulation of MC4R expression but its putative effect is difficult to assess with biological tests, given that MC4R is specifically expressed in the brain and erectile tissues.
early-onset obesity through appetite deregulation, 13 that is why we supposed that the potential effect of rs17782313 locus on MC4R expression could influence eating behaviour as well. This view is supported by a recent report of Qi et al., 14 who observed that MC4R rs17782313 is associated with higher intake of total energy and dietary fat. After having assessed BMI association in the cohorts, we analysed the effects of MC4R rs17782313 and FTO rs1421085 SNPs on eating behaviour patterns in both severely obese and randomly selected European populations.
Methods

Subjects
The clinical characteristics of the studied cohorts are reported in Table 1 . The study protocol was approved by local ethics committees and an informed consent was signed before participation in the study. We used the 97th BMI age-and sex-specific percentiles from a French reference population 15 Furthermore, 1109 French Caucasian pedigrees with childhood or adult obesity were recruited by the Centre National de la Recherche Scientifique and the Hotel-Dieu hospital: they included 1004 obese children, 313 non-obese children, 2009 non-obese adults and 2438 obese adults.
In obese adults, eating behaviour was assessed by the validated three factors eating questionnaire (TFEQ), 17 which evaluates cognitive and behavioural components of eating: restraint (range of scores 1-21), disinhibition (1-18) and hunger (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . As the TFEQ has not been validated in obese children, we used an in-house questionnaire administrated by a trained physician. 18 Three questions related to eating behaviour were addressed: craving, eating large amounts of food during meals and snacking; answers were 'yes' or 'no', leading to binary traits. Details of the questionnaire are available on request. We also studied 1274 unrelated Swiss adults from Zurich with class III obesity, 19 all of Caucasian origin. They were recruited after referred to the clinic for refractory obesity. Among phenotypic data, each subject completed a questionnaire based on the fully validated eating behaviour disorder questionnaire of Spitzer et al. 20 Questionnaire data were confirmed by semistructured and structured interviews conducted by dietician, psychologist and physician. Even if this questionnaire focuses specifically on the psychological construct of binge eating disorder, we extracted data concerning the tendency to eat large amounts of food and to snack, as binary traits. The NFBC 1986 (Northern Finland Birth Cohort 1986) is a cohort of 5612 Caucasian children born in Oulu and Lapland with expected dates of birth between 1 July 1985, and 30 June 1986 (that is, premature babies, born before 1 July were included). Data on the cohort were collected from multiple interchangeable sources (families and physicians) at birth, 7 years and 16 years. An in-house eating behaviour questionnaire was answered at 16 years, from which we analysed the snacking during the weekends and the tendency to eat large quantities of food (yes or no). Details of the questionnaire are available on request.
The 2405 men and 2472 women of the D.E.S.I.R. (Data from an Epidemiological Study on the Insulin Resistance syndrome) cohort were analysed. Participants were volunteers insured by the French social security system. These people were aged between 30 and 65 at inclusion. 21 We previously estimated the proportion of participants having non-European ancestry to be 0.30% in the D.E.S.I.R. cohort.
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Biological and metabolic parameters were assessed at inclusion and at 3-, 6-and 9-year visits, as previously described. 23 Eating behaviour was assessed at baseline and we studied selfreported snacking and bulimia (affected or not).
Genotyping and quality controls
The rs17782313 and rs1421085 were the replicated SNPs with the best P value in their discovery studies. 1,10 They were MC4R polymorphism and eating behaviour F Stutzmann et al genotyped using an Assay-On-Demand kit (Applied Biosystems, Foster City, CA, USA). Taqman conditions are available on request. In all studied populations, both genotypes were in Hardy-Weinberg equilibrium (P40.01). Call rates were 97.8% (range: 96.9-99.5%). Concordance rates were 100% for both rs17782313 and rs1421085, with 1043 DNA genotyped twice. Genotyping quality was also verified in the families using the Pedcheck program. 24 We observed 1 and 6 Mendelian incompatibilities out of 1109 pedigrees, for rs17782313 and rs1421085, respectively.
Statistical analyses
All the questionnaires were submitted to differential item functioning, using the linear or logistic regression approach, to test the impact of age, sex and BMI on eating behaviour. After simple Bonferroni correction for multiple comparisons (26 tests) , P values o0.002 were considered significant and P values o0.05 as trend estimates. Additive models were used to study the association between these polymorphisms and the eating phenotypes 1, 10 All P values were two-sided.
The transmission disequilibrium and the quantitative trait pedigree disequilibrium tests (TDT and QPDT) in the UNPHASED software (http://portal.litbio.org/Registered/ Help/unphased/) were used for the French families. The TDT measures the overtransmission of an allele from heterozygous parents to affected offspring; 25 the QPDT tests familial association of the SNPs with quantitative traits, such as the z-score of BMI, by estimating the covariance within each family, the estimates are combined across the dataset by central limit theorem (http://portal.litbio.org/Registered/ Help/unphased/). 26 To take familial relationships within the French population into account, we tested the association of both SNPs with eating behaviour-related phenotypes by binomial and Gaussian models of generalized estimated equations (GEE) using STATA software. 27 In the Swiss population, comparisons between means used ANOVA tests and percentages, contingency table logistic regression, with SPSS 14.0. Eating behaviour-related phenotypes in the population-based cohorts were binary traits. Polymorphism effects on these traits were calculated by logistic regression models without any adjustment. The genotype variable was included in all models as a linear effect of the number of risk alleles. Analyses used R 2.6.1 software. 28 As expected, differential item functioning showed that age, sex and BMI influenced the results of the questionnaires (data not shown). Associations between SNPs and eating behaviour-related traits were thus corrected for those traits. We obtained similar results (data not shown).
Results
Minor allele frequencies (MAF) of rs17782313 and rs1421085 are reported in Table 1 . As expected, MAF of rs17782313 and rs1421085 in populations selected for obesity (French and Swiss populations; Table 1 ) was higher than in the randomly selected populations (NFBC 1986 and D.E.S.I.R.; P values ranging from 0.03 to 1 Â 10 À5 ).
We first studied 1109 French pedigrees with a family background of obesity. TDT and QPDT analyses were performed for both SNPs. To gain statistical power, we considered together the three available generations (children, parents and grandparents) to test for overtransmission with obesity (97th percentile) and association with the z-score of the BMI. Both the MC4R rs17782313-C and FTO rs1421085-C alleles were overtransmitted to obese subjects (53.8%, P ¼ 0.012 and 53.9%, P ¼ 1.3 Â 10 À6 , respectively). We also investigated family association of the two SNPs with body corpulence, by the QPDT test. The rs17782313-C and rs1421085-C alleles were associated with a higher z-score of the BMI ( þ 0.17 standard deviation (s.d.) of BMI, P ¼ 0.03 and þ 0.11 s.d., P ¼ 1.8 Â 10 À4 , respectively). As available eating behaviour-related phenotypes were different in children and adults, we studied both subgroups separately. In children, the MC4R rs17782313-C allele was associated with trends towards higher prevalence of eating large amounts of food during meals (GEE binomial test, TT: 45.3%, CT: 54.0%, CC: 50.9%, P ¼ 0.036; Table 2 ) and of frequent snacking (TT: 46.7%, CT: 52.7%, CC: 58.5%; P ¼ 0.010) whereas no such association was detected for the FTO rs1421085-C allele. In adults, the rs17782313-C allele was associated with a trend towards higher mean hunger Stunkard score (GEE Gaussian test, TT: 4.45, CT: 4.67, CC: 5.21, P ¼ 0.015; Table 2 ). However, the FTO rs1421085-C allele was not associated with any Stunkard score.
We then tested the association between rs1421085 and rs17782313 and eating behaviour in an independent cohort of 1274 Swiss class III obese adults, in whom the same phenotypes were available. In this extremely obese population (range BMI ¼ 40-91 kg/m 2 ), neither MC4R nor FTO polymorphisms were associated with BMI variations (P ¼ 0.27 and 0.47 for rs17782313 and rs1421085, respectively; Table 2 ). However, we observed an association of the MC4R rs17782313-C allele with a higher prevalence of snacking (TT: 33.8%, CT: 38.9%, CC: 45.5%, P ¼ 0.036) although the rs1421085-C allele had no obvious effect on this phenotype (Table 2) .
After studying three cohorts selected for severe obesity, we wanted to analyse randomly selected populations of European origin. Both SNPs were associated with BMI increase at 16 years in the Finnish population (P ¼ 0.002 and 2 Â 10 À8 ) 29 and at baseline in the French middle-aged population (P ¼ 0.05 and 0.006). 29 We then analysed the associations of rs17782313 and rs1421085 with snacking and bulimia/ eating large amounts of food in these cohorts. Among the Finnish young population, we observed a tendency to snack more during weekends for individuals carrying the MC4R rs17782313-C allele (TT: 78.0%, CT: 79.5%, CC: 85.3%, P ¼ 0.040; Table 2 ) but not for the FTO rs1421085-C carriers.
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In the French middle-aged cohort, no SNP was significantly associated with eating behaviour patterns. Using a linear regression approach, we tested the combined effects of SNPs and eating behaviour on BMI. We observed that FTO rs1421085 and eating behaviour influence separately and interactively the z-score of BMI in the French obese children (data not shown). We observed no other interaction for any SNP with any eating behaviour in all studied populations.
Discussion
Our data are consistent and support an effect of rs17782313 on specific eating behaviour patterns in severely obese French and Swiss subjects and in Finnish teenagers. Loss-of-function coding mutations in MC4R are responsible for monogenic hyperphagic obesity. 30 We thus assume that a phenotype mimicking (to a lesser extent) the effect of mutations in a monogenic context may be a sign of the effect of a SNP on the gene expression or activity as pathogenic mutations do with a more stringent effect. Therefore our results indirectly support the view that the recently identified obesity-associated locus located 188 kb downstream the MC4R gene 10 may have a regulatory role on MC4R expression or translation. Further functional analyses remain to be performed to assess the physiological effect of this SNP and confirm our assumption. Measurement of eating behaviour through self-reported questionnaires remains somehow subjective 31 and may therefore lead to detect inconsistent associations between genetic variants and everyday-life eating behaviour. Documented estimation of daily calorie intake and ad libitum meal tests are indeed more reliable ways to quantify energy intake 13 but difficult to perform in large samples.
Given these limitations, we used at least one questionnaire validated in obese populations (Spitzer et al. 20 ) and the extended version of TFEQ. 17 We detected consistent associations towards higher snack consumption/hunger in French families and Swiss obese subjects, as in the young Finnish cohort and the French obese children, although documented by self-reported criteria. These associations were reproducible, using different eating pattern indicators both meaning excessive appetite. Given the effect of MC4R mutations on appetite 30, 32, 33 the risk of cumulating four false positive associations between MC4R rs17782313 and eating behaviour pattern out of five studies (using five different questionnaires) is unlikely. However our results need to be replicated in additional populations. More challenging are our negative results for FTO rs1421085. The association between FTO SNPs and energy balance has been previously investigated in two medium-size studies. Do et al. 7 concluded that FTO variant has an impact on energy expenditure but not on energy intake in the Quebec family study population (n ¼ 908) whereas Speakman et al. 8 reached opposite conclusions in a Scottish population (n ¼ 150). Recently, it was proposed that FTO SNP interacts with energy expenditure and physical activity 34, 35 making more difficult the assessment of FTO effects on energy metabolism. FTO may regulate energy balance independently of appetite regulation, as previously hypothesized. 2, 34 As an eating behaviour pattern is not a surrogate of the actual daily food intake pattern, effects on eating behaviour pattern and food intake can be different in that sense. Thus, we cannot exclude that FTO may have a MC4R polymorphism and eating behaviour F Stutzmann et al strong effect on BMI and a more subtle effect on quantitative daily food consumption when limited to a specific subpopulation. Recently, an association between FTO SNP and decreased satiety (P ¼ 0.008) was observed. 9 In this powerful study, as in other analyses 7-9 the best-fitted model for food intake was recessive although FTO SNP was associated with an additive increase in BMI. The recessive model may be more likely to detect slight effects. In our initial cohort of French children, FTO rs1421085-C allele is associated with increased snacking using a recessive model only (TT þ CT: 49.6% vs CC: 58.5%, P ¼ 0.032) but this finding was not replicated in other cohorts. This discrepancy between our results and others may also be due to differences in eating attitudes and behaviours in countries such as UK, Quebec, France and Switzerland. In summary, rs17782313-C allele may modulate appetite-related phenotypes in both obese and randomly selected European populations, in both children and adults, supporting a regulatory role of this genetic variant on the nearby MC4R gene. The effect of the obesity-associated FTO gene on eating behaviour deserves additional investigation.
